Transition metal dichalcogenides (TMDCs) have attracted significant attention for their great potential in nano energy. TMDC layered materials represent a diverse and largely untapped source of 2D systems. High-quality TMDC layers with an appropriate size, variable thickness, superior electronic and optical properties can be produced by the exfoliation or vapour phase deposition method. Semiconducting TMDC monolayers have been demonstrated feasible for various energy related applications, where their electronic properties and uniquely high surface areas offer opportunities for various applications such as nano generators, green electronics, electrocatalytic hydrogen generation and energy storage. In this review, we start from the structure, properties and preparation, followed by detailed discussions on the development of TMDC-based nano energy applications.
Introduction
Owing to the limited natural fossil energy sources, green energy resources are widely recognized as the only feasible option to ensure a sustainable development of the world economy and society. However, renewable energy sources (e.g., solar, wind, and hydraulic power) generate electricity intermittently, posing a grand challenge to use them in an efficient and reliable way. Huge efforts have been contributed to develop novel energy generation and storage devices. Meanwhile, "low power consumption and high performance" electronics are required for smart and efficient energy utilization.
Two-dimensional (2D) transition metal dichalcogenides (TMDCs) have attracted significant interest due to their promising energy applications and exotic fundamental properties. [1] [2] [3] [4] [5] [6] [7] As shown in Figure 1 Monolayer 2D TMDCs possess unique fundamental properties that never seen in their bulk counterparts, which enables them to serve for wide range of promising green energy applications such as energy generator, [8] energy storage, [9] [10] [11] [12] catalysis [13] [14] [15] [16] [17] and electronic devices. [2] Monolayer semiconducting TMDCs with a direct band gap exhibit many distinct properties including strong interaction with light, [18, 19] valley-dependent physics, [20] strong piezoelectric coupling [8, 21, 22] and high current on-off ratio for field effect transistors. [23] These unique properties of 2D TMDCs pave a broad way for their applications in the field of nano energy. The strong piezoelectric coupling of TMDCs are comparable to the traditional bulk wurtzite structures, making them promising active materials in piezoelectric nano energy generator. TMDC-based optoelectronics are expected to enjoy the advantages of ultrafast in responses, compact, light-weighted and energy-efficient. The TMDCbased transistor is of great potential for low power consumption devices and might completely revolutionize the current electronics industry. [2] Furthermore, modification of the properties of these materials are achievable through doping, surface adsorption, straining and interfacing with other materials with the aim at exploring the possibility to achieve material band structure engineering for emerging energy applications such as solar energy harvesting, [24, 25] electrochemical energy storage [9] and catalytic energy conversion. [13, 14] Therefore, nowadays 2D TMDCs have become one of the most active research areas especially in the field of nano energy. In this review, we provide insights for the synthesis and property of 2D TMDCs, and herein reveal their promising potentials in various nano energy systems.
Structure and preparation of transition metal dichalcogenides:

Atomic structure of monolayer transition metal dichalcogenides:
The atomic structure of TMDCs determines their electrical, optical and catalytic properties. The absence of interlayer interaction in monolayer TMDCs gives rise to the charge carrier redistribution and appearance of their direct band gap. [19] While the low coordinated atoms in TMDCs, such as atoms from TDMCs edges or grain boundaries can serve as the active sites [26] to promote the electrochemical and catalytic reaction. As shown in Figure 1 (a), only weak van der Waals force exists in between each TMDC layer, which allows the bulk crystal to be isolated down to monolayers along the 2D surface. Each individual TMDC monolayer is formed by sandwiching the hexagonally packed transition metal atoms by two layers of chalcogen atoms. The transition metals are typically from group IV and VI (such as Mo and W), while the chalcogen group is commonly seen as S, Se and Te. In the individual TMDC layer the transition metal and chalcogen atoms are covalently bonded, giving rise to different stacking polytypes and polymorphs. As displayed in Figure 1 (b), three main structural polytypes, 1T, 2H and 3R, have been identified. All the three polytypes have regular layered structures with six fold trigonal prismatic coordination of transition metal atoms by the chalcogen atoms within the TMDC layers. The term 1T, 2H and 3R represents the presence of one (1), two (2) and three (3) layers in the tetragonal (T), hexagonal (H) and rhombohedral (R) unit cell respectively. The 2H and 3R polytypes are thermodynamically stable phases that can be found in nature. Incorporation of impurity elements in the 2H-TMDC will transform it to the 3R phase; for example, the presence of Re or Nb in MoS 2 structures leads to the partial substitution of Mo atoms and forms a more stable 3R packing. [27, 28] The 3R phase of TMDCs is a less studied polytype. However, semiconducting transport behaviors have been observed in NbS 2 layers that are mechanically exfoliated from their bulk crystal in the 3R form. [29] Compared to 2H and 3R, 1T phase is a metastable metallic phase. Experimental results show that the lithium ion intercalation can result in the transformation of 2H to 1T phase, where a transversal displacement of one of its chalcogen planes occurs. [30] 
Preparation of 2D transition metal dichalcogenides:
One major research field of TMDCs is the controllable production of atomically thin 2D layers. Since the first demonstration of a thermodynamically stable monolayer graphene in 2004, [31, 32] several types of TMDC monolayers have been successfully fabricated. To date, two major strategies have been developed to produce monolayer TMDCs: one is the exfoliation method from TMDC bulk crystals; the other is through the synthesis using vapour phase deposition techniques. More recently, epitaxial growth of 2D systems bridges different materials such as TMDCs, boron nitride [33] and phosphorene [34] together to form promising and functionalized heterostructures.
These 2D materials and their heterostructures also offer great potential for energy applications.
Exfoliation of monolayer TMDCs from bulk crystals:
Mechanical cleavage [23] is not suitable for large scale production due to the absence of layer number and lateral size control capability. Chemical exfoliation enables the high yield and scalable preparation of micrometer-sized monolayers and lowdimensional composites [35] . TMDC layers can be exfoliated by ultrasonication in liquids. Theoretical calculation and experimental results show that the surface energy match between TMDC layer and solvent are critical for effective exfoliation, where the solvents with the surface tensions close to 40 mJ/m 2 [36] [37] [38] In addition to the direct exfoliation, a two-step process, ion intercalation followed by exfoliation is able to produce TMDCs with a higher yield. As shown in Figure 1 ( Large quantities of micron-sized monolayer TMDCs can be produced using various liquid exfoliation methods as mentioned and the produced TMDC nanosheets can be adopted for solution-based or printable electronics. Yet, the wet chemical method may unavoidably alter the lattice structure of thin TMDCs and introduce extrinsic defects during exfoliation process. These defects may be helpful in electrocatalytic reactions.
Nevertheless, a post treatment may be required to reconstruct the structure of monolayer TMDCs for electronic or optical applications.
Synthetic routes for atomically thin TMDCs:
The synthesis of atomically thin TMDCs with layer controllability and large-area uniformity is an essential requirement for their application in electronic and optical devices. Tremendous efforts have been devoted to the controlled growth of 2D
TMDCs. The chemical vapour deposition (CVD) method provides the way for controlled synthesis of wafer-scale TMDCs. [1, 45] The CVD technique shows great promise to produce high-quality TMDC layers with controllable thickness, scalable size and excellent electronic properties. The vapour phase reaction also allows the growth of single-crystalline TMDC flakes directly on arbitrary substrates and there is no need of additional transfer process for electronic device fabrication. Hence, it soon becomes a widely adopted approach. Practically, it is more challenging to obtain crystalline monolayer TMDC thin film by CVD method compared to other 2D materials synthesis such as graphene and boron nitride, since the growth of TMDCs does not normally involve any catalytic substrates. Meanwhile, it is also common to obtain transition metal oxide microcrystals by-products due to insufficient reduction of the transition metal oxide precursors. [46] Thus far, a better understanding of the growth mechanism and further developing a method which is capable of producing large monolayer TMDC crystals in a controlled manner is demanding.
The synthesis of TMDC layers have been studied, such as sulfurization of a transition metal [47] or metal oxide thin film [48] , thermal decomposition of thiosalts [49] and vapour phase transport method [50] [51] [52] . However, it remains a challenge to control the thickness and crystallinity of TMDCs until Li and coworkers developed the growth method of TMDCs via vapour phase chemical reaction of transition metal oxide and chalcogen. [53, 54] The synthesis of MoS 2 monolayer is illustrated in Figure 1 their great potential in the devices for logic and memory applications, [64] ultrasensitive detection of DNA hybridization, [65] photodetectors [66] , hydrogen evolution reaction [67] and energy storage. [68] More recently, considerable efforts have also been put in constructing heterostructures formed by various 2D
semiconductors. The most straightforward method is through the "peel-and-paste" processes, [69] i.e., mechanical transfer of one monolayer onto another to build TMDC heterostructures. Direct CVD growth is more promising towards large-scale production of high-quality TMDC heterostructures with a controllable thickness, clean interface and reproducible electronic and optical properties [70, 71] [74] have been realized using one-pot CVD synthesis processes.
Remarkably, Li's group developed a synthetic approach for 2D p-n heterostructures. [75] As shown in Figure 1 (e), using a two-step CVD synthesis method, they have realized thin van der Waals p-n junction which combines n-type MoS 2 and p-type WSe 2 monolayers with an atomically sharp interface. [75] 3. Green energy generator:
TMDC-based piezoelectronics
Self-powered devices requiring no external power supply are highly desirable for developing wireless nanodevices and nanosystems, such as implantable medical sensors, environmental monitor, and personal electronics. Nanogenerators are devices aiming at supplying self-sustainable power sources for micro/nanosystems. In summary, owning to their robust piezoelectricity, stretchability and flexibility, the 2D piezoelectric materials possess great potential for applications in atomically thin piezoelectric devices. As a newly developed low-dimensional piezoelectric material, the TMDC layered crystals would make profound impacts in a wide range of applications such as electromechanical sensors, piezoelectric-gated diodes and mechanical resonator for low-power logic circuits, etc. With the concept of nanogenerators that convert nanoscale mechanical energy into electricity, the 2D piezoelectric materials can also be adopted in a number of self-powered wireless nanodevices and nanosystems for energy harvesting from the ambient environment.
To meet the practical requirements from the rapid emerging field of nanopiezoelectronics, large-area TMDC with precisely controlled layer numbers is crucial and the piezoelectric performance of various heterojunctions could be an interesting field to be explored. 
Solar energy harvest and conversion
Low-power and high-performance integrated circuits:
Green electronics represent an emerging research area aiming at establishing electronic devices which can operate at a low power but with high performance. For integrated circuits, scaling improves the transistor density and functionality on a chip; however, with the decreasing geometry the leakage current increases exponentially and the leakage power is catching up with the dynamic power in circuits. Especially for deep submicron process technology nodes (<50 nm), more than 40% of the total energy is consumed due to the leakage of switching component. 1T' phase transition is clarified by in-situ STEM, which suggests the phase change originates from the formation of Te vacancy [96] by laser irradiation. [95] Briefly, although the mobility of TMDC based FET is not higher than that of silicon, the atomically thin channel materials could typically improve the scale length of FETs which leads to a better gate length scalability. Typically, monolayer TMDCs show much higher mobility compared to atomically thin silicon. [23, 97] Meanwhile, TMDCs show higher mobility than other competing materials such as organic semiconductors and amorphous silicon, which pave the way for their applications in back-plane electronics of displays, chemical and optical sensors. [2] 5. Electrical energy conversion and Storage:
High efficiency catalysis for hydrogen energy generation
Hydrogen is a clean and high-density energy carrier which could replace petroleum fuels to relieve issues associated with global warming. Hydrogen production by water electrolysis using renewable energy has become one of the most promising options for a sustainable society. The hydrogen production by water splitting relies on the electrochemical reactions where catalysis can speed up chemical reactions and achieve low over potential and high power conversion efficiency. Atomically thin 2D materials are commonly accepted as an ideal model for catalysis study and practical applications due to their high fraction of active sites that compared to the overall atoms.
Recent work has also suggested that MoS 2 is a promising H 2 evolution catalyst with excellent kinetics for driving the hydrogen evolution reaction (HER). The catalytic effects were suggested to stem from the sulphur edges of MoS 2 plates while the basal planes were catalytically inert. [98] Therefore the surface area and the crystallinity of the catalysts play an important role in the H 2 activation property. Promising results have been reported using MoS 2 nanoparticles with a high concentration of edges. As shown in Figure 4 (a), Dai's group has demonstrated a high HER efficiency using The high current density is attributed to the large electrochemical surface area and the S-rich structure. These cheap and active HER materials are of great potential for future hydrogen evolution applications.
In order to further improve the catalytic efficiency and stability of TMDC-based electrocatalysts, enormous research efforts have been devoted to the incorporation of TMDCs with other materials, such as noble metals [101] and carbon materials. [102] Zhang and co-workers demonstrated the wet- C. This high rate performance has been attributed to the large charge transfer surface area with short diffusion distances.
Summary
Energy issue is one of the most urgent and critical topic in our modern society.
Recently, there is increasing demand for cost-effective, efficient and environmental friendly energy conversion and storage devices to reduce the excessive reliance on non-renewable fossil fuels. TMDCs have shown great potential in this scenario.
Although layered materials have been known and studied for decades, recent 
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